A Gram-negative, rod-shaped, non-spore-forming bacterium (MH96 T ) was isolated from diseased larvae of the New Zealand grass grub, Costelytra zealandica (Coleoptera: Scarabaeidae). On the basis of 16S rRNA gene sequence similarity, strain MH96 T is a member of the genus Yersinia, which is a member of the class Gammaproteobacteria. The genus Yersinia is a member of the class Gammaproteobacteria (Woese & Fox, 1977) , within the family Enterobacteriaceae, based on biochemical tests and DNA-DNA hybridization studies (Bottone, 1997) . Yersiniae have undergone extensive diversification during the course of their evolution, with pathogenic species such as Yersinia pestis, the causative agent of bubonic plague (Perry & Fetherston, 1997) , and Yersinia ruckeri, the causative agent of enteric redmouth disease in salmonid fish (Ewing et al., 1978) , while other species (e.g. Yersinia aldovae) have diverged into non-pathogenic organisms (Sulakvelidze, 2000) . Cell morphology was observed under an Olympus BX50 light microscope at 61000 magnification, with cells grown for 24 h. Motility was checked by microscopic observation. Flagellar staining was undertaken using the Becton Dickinson flagella stain in accordance with the manufacturer's instructions. Gram-staining was performed as described by Gerhardt et al. (1994) . Transmission electron microscopy was carried out with a Zeiss 902 transmission electron microscope (80 kV) with cells from an exponentially growing culture stained with 2 % phosphotungstic acid.
similarity) followed by those of the type strains of Yersinia aldovae, Y. frederiksenii and Y. rohdei (all 98.4 % similarity). Multilocus sequence typing of five housekeeping genes (dnaJ, glnA, gyrB, groEL and recA) identified Yersinia ruckeri (81-92 % similarity) as the closest relative. The results of DNA-DNA hybridization and physiological and biochemical tests allowed genotypic and phenotypic differentiation of strain MH96
T from the four most closely related Yersinia species with validly published names, including a Y. ruckeri isolate. Strain MH96 T therefore represents a novel species, for which the name Yersinia entomophaga sp. nov. is proposed, with the type strain MH96 T (5DSM 22339 T 5ATCC BAA-1678 T ).
The genus Yersinia is a member of the class Gammaproteobacteria (Woese & Fox, 1977) , within the family Enterobacteriaceae, based on biochemical tests and DNA-DNA hybridization studies (Bottone, 1997) . Yersiniae have undergone extensive diversification during the course of their evolution, with pathogenic species such as Yersinia pestis, the causative agent of bubonic plague (Perry & Fetherston, 1997) , and Yersinia ruckeri, the causative agent of enteric redmouth disease in salmonid fish (Ewing et al., 1978) , while other species (e.g. Yersinia aldovae) have diverged into non-pathogenic organisms (Sulakvelidze, 2000) . At the time of writing, the genus (Sulakvelidze, 2000) , Y. aleksiciae (Sprague & Neubauer, 2005) , Y. massiliensis (Merhej et al., 2008) and Y. similis (Sprague et al., 2008) . During isolation of bacteria from a diseased larva of the New Zealand grass grub, Costelytra zealandica (Coleoptera: Scarabaeidae), strain MH96 T was recovered on Luria-Bertani (LB) agar (Oxoid) at 30 u C, showing a cream-coloured colony. On LB agar, MH96 T was able to grow at 25-42 u C, but not at 45 u C. No haemolysis was detected at either 25 or 37 u C on either Columbia sheep blood or Columbia horse blood agar (Fort Richard Laboratories).
Cell morphology was observed under an Olympus BX50 light microscope at 61000 magnification, with cells grown for 24 h. Motility was checked by microscopic observation. Flagellar staining was undertaken using the Becton Dickinson flagella stain in accordance with the manufacturer's instructions. Gram-staining was performed as described by Gerhardt et al. (1994) . Transmission electron microscopy was carried out with a Zeiss 902 transmission electron microscope (80 kV) with cells from an exponentially growing culture stained with 2 % phosphotungstic acid.
Identification of MH96
T was performed as described by Neubauer et al. (2000) except that incubation was for 48 h. API 20E (bioMérieux) tests were performed as described by the manufacturer except that all incubations were performed independently at 25 and 37 u C to assess changes in metabolic reactions that can occur at 37 u C. T to utilize cellobiose and lactose was reduced at 37 u C. The API 20E profile (3 107 160), when compared with the API database, gave a good identification (96.3 % database match) as Serratia marcescens; however, colony morphology and subsequent biochemical tests, including growth on DNase agar (Smith et al., 1969) and caprylate thallous agar (Starr et al., 1976) , ruled out this identification.
Cells of strain MH96
T were Gram-negative rods with one to three peritrichous flagella ( Supplementary Fig. S1a , available in IJSEM Online). At 25, 30 and 37 uC, the bacterium was motile, with no motility observed at 42 u C.
MH96
T exhibited pleomorphism, with standard rods being 0.7 mm wide and 1.7 mm long; larger, elongated cells, 1 mm wide and 20-60 mm long, were also observed in standard LB broth at 30 u C ( Supplementary Fig. S1b-e) . Similar to other yersiniae, MH96
T was oxidase-negative, catalasenegative and able to reduce nitrate. Isolate MH96
T was positive for catalase and ornithine decarboxylase and negative for lysine decarboxylase, urease, oxidase and acid production from aesculin. MH96
T was able to ferment melibiose and trehalose but not rhamnose. Isolate MH96 T was biochemically most similar to Y. ruckeri; however, MH96
T was positive for acid production from cellobiose, lactose, raffinose, sucrose and citrate (Table 1) .
Sequence selection for 16S rRNA gene sequence and multilocus sequence typing (MLST) analyses DNA sequences from strain MH96
T for MLST and 16S rRNA gene phylogenetic analysis were amplified using the primer sets denoted in Supplementary Table S1 . For 16S rRNA and MLST analysis, five housekeeping genes (carA, dnaJ, groEL, recA and rpoB) were identified in 16 putative relatives of MH96 T . As full genome sequences for Hafnia alvei and Rahnella aquatilis were not available, the genes partially or fully sequenced in these species were first identified. Orthologues from 18 other putatively related type species and type strains representing genera within the Enterobacteriaceae (Escherichia, Citrobacter, Dickeya, Klebsiella, Pectobacterium, Photorhabdus, Sodalis and Serratia), as well as five congeneric type strains (Y. frederiksenii, Y. mollaretii, Y. pestis, Y. pseudotuberculosis and Y. ruckeri), for which fully annotated or whole genome shotgun sequences were available were then added. Multiple sequences for each gene were aligned and trimmed in MEGA4 (Tamura et al., 2007) ; refer to Supplementary Table S2 for lengths of multiple alignments. For this analysis, substitution saturation was tested with DAMBE (Xia & Lemey, 2009 ). Models of evolution for each gene were identified using the Akaike significance criterion in ModelTest3.8 (Posada, 2006) . Phylogenetic relationships for individual genes were generated using PHYML (Guindon & Gascuel, 2003) using maximumlikelihood with a heuristic search based on a neighbourjoining starting tree (Felsenstein, 2005) . Robustness of the tree topology was estimated with 1000 bootstrap replicates and trees were drawn using TreeDyn (Chevenet et al., 2006) . Nucleotide similarity was calculated with the PHYLIP program DNADIST.
Phylogenetic and similarity analysis
Our phylogenetic analysis of the 16S RNA gene sequence and of sequences from an additional five housekeeping genes ( Supplementary Fig. S2 ) indicated that the six Yersinia species included in this analysis form a distinct, monophyletic group within the Enterobacteriaceae. Furthermore, our analysis suggested that MH96
T should be placed within the genus Yersinia. This affiliation is well supported, with bootstrap values in excess of 80 % at three of the five loci examined. At the dnaJ locus, bootstrap support for a close relationship 
T with Y. ruckeri was 99 %, but support for inclusion of the two leaves within the remaining Yersinia taxa was 71 %. At the recA locus, there was very weak bootstrap support for the position of MH96 T and Y. ruckeri.
To attempt to resolve the position of MH96
T within the genus Yersinia, we analysed the 16S rRNA gene sequence of all Yersinia type strains plus an outgroup of the type strain Escherichia coli ATCC 11775 T (Fig. 1) . 16S rRNA gene sequences were aligned and trimmed to a total length of 1405 nt. Evolutionary distances were computed using Kimura's two-parameter method (Kimura, 1980) . All positions containing gaps and missing data were eliminated from the dataset (complete deletion option). Phylogenetic analyses were conducted in MEGA4 (Tamura et al., 2007) . This analysis indicated that MH96
T is not closely affiliated with any one member of Yersinia but represents an early branch point and, hence, sits on the fringes of this clade (Fig. 1) Table  S3 ). Although these values exceed the 97 % threshold that is held to correspond to a level of 70 % DNA-DNA relatedness, considered a standard for species definition (Stackebrandt & Liesack, 1993; Stackebrandt & Goebel, 1994; Stackebrandt et al., 2002) , it is now widely accepted that 16S rRNA gene resolution is insufficient for discrimination at the intrageneric level (e.g. Stackebrandt & Goebel, 1994; Spröer et al., 1999; Demarta et al., 2004; Martens et al., 2008) . In addition to this well-known issue, multiple heterogeneous 16S rRNA operons may co-exist in the same organism (e.g. Y. pestis and Y. pseudotuberculosis), which further complicates phylogenetic analysis. In the present study, the poor resolution of the 16S rRNA gene is illustrated by the small number of parsimony-informative sites and the resulting lack of bootstrap support for a specific tree topology at the intrageneric level. A number of alternative measures are available when 16S rRNA gene comparison is inconclusive (e.g. Konstantinidis & Tiedje, 2005; Deloger et al., 2009) . A practical alternative for classification of organisms for which significant genomic sequence is not available is sequence comparison of five or more housekeeping genes (Stackebrandt et al., 2002) .
Analysis of housekeeping genes
To define further the position of MH96 T within the genus Yersinia, we sourced type strain sequences of dnaJ, glnA, gyrB, groEL and recA for similarity and MLST analyses (Supplementary Table S4 ). These four loci were selected because they are known to resolve relationships among the yersiniae (Demarta et al., 2004; Kotetishvili et al., 2005) . For the concatenated analysis, we modified the methodology employed by Kotetishvili et al. (2005) . In order to be able to compare like with like, we selected only accessions where sequences for all loci of interest are available in the public domain (Supplementary Table S4 ). Alignments for the housekeeping genes were based on protein sequences. The protein alignment was transferred to a nucleotide alignment using the EMBOSS (Rice et al., 2000) program 'tranalign'. Each housekeeping gene was trimmed at the 39 and 59 end to permit concatenation and analysis of orthologous positions, yielding a total of 1396 base pairs. The symmetrical substitution model (Zharkikh, 1994 ) with among-site rate variation and invariable sites was the best model for the combined dataset (Akaike information criterion) and also proved a good model for the four individual sets.
Isolate MH96
T had greatest nucleotide sequence similarity with Y. ruckeri at three of the five housekeeping genes analysed individually: at the groEL locus (mean 92.4 % similarity), the recA locus (mean 86.2 % ) and at glnA, where MH96
T shared greatest similarity with both Y. ruckeri and Y. frederiksenii (mean 83.7 % for each). By contrast, at the gyrB locus, MH96
T had greatest nucleotide sequence similarity with Y. pseudotuberculosis (mean 86.6 %) and at the dnaJ locus MH96
T was most similar to Y. rohdei (mean 83.9 %). Phylogenetic analysis of individual housekeeping genes showed 100 % bootstrap support for a close relationship of MH96 T with Y. ruckeri at the groEL locus, supporting the results from our DNA-DNA hybridization analysis. Analysis of the recA locus provided further strong evidence in support of a close relationship of MH96 T with Y. ruckeri (91 % support) as did, to a lesser degree (78 % support), analysis of the glnA locus. The maximum-likelihood tree of the gyrB locus had low bootstrap support (61 %) for a close relationship of MH96 T with Y. pestis and Y. pseudotuberculosis strains. There was little support for most nodes at the dnaJ locus (not shown), indicating that this locus is not informative in this context. Three strains (Y. frederiksenii WA 935, Y. kristensenii WS O52 and Y. kristensenii WA 948) did not group with conspecific strains in any of the individual analyses and had low bootstrap support for the relevant nodes. These sequences have unusually low nucleotide similarity with those of conspecific strains, and their affiliation may need to be re-examined.
For the concatenated superlocus, there were 386 polymorphic sites across the four loci, of which 336 were parsimony informative. The phylogeny is characterized by low bootstrap support for the deeper splits ( Supplementary  Fig. S3 ). An exception is the split between Y. rohdei and Y. frederiksenii and the remaining isolates. However, our phylogenetic reconstruction grouped MH96
T with the Y. Supplementary Fig. S3 ).
For the assessment of DNA-DNA hybridization, spectroscopic DNA-DNA hybridization experiments were performed at the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ), Braunschweig, Germany. DNA was isolated using a French pressure cell (Thermo Spectronic) and purified by chromatography on hydroxyapatite as described by Cashion et al. (1977) . DNA-DNA hybridization was carried out as described by De Ley et al. (1970) under consideration of the modifications described by Huß et al. (1983) using a model Cary 100 Bio UV/Vis spectrophotometer equipped with a Peltierthermostatted 666 multicell changer and a temperature controller with in-situ temperature probe (Varian). DNA-DNA relatedness was tested at 70 u C in 26 SSC plus 10 % (v/v) DMSO T ; SD 0.9) when the recommendation of a threshold value of 70 % DNA-DNA relatedness for the definition of bacterial species (Wayne et al., 1987) is considered.
The DNA G+C content of MH96
T was determined at the DSMZ according to the method of Mesbah et al. (1989) as three independent measurements. DNA was degraded as described by Mesbah et al. (1989) and assessed by HPLC (Shimadzu Corp.) . Using this method, the DNA G+C content of MH96
T was 49.3 mol%. This estimate is within the accepted limits for the genus Yersinia (46-50 mol%; Bercovier & Mollaret, 1984) . The combination of G+C content, DNA-DNA hybridization, MLST analysis and phenotypic data indicates that strain MH96 T represents a novel species of Yersinia.
Toxicity of MH96
T to a variety of insects was assessed by bioassay, as outlined in Supplementary Method S1. Bioassays of 10 6 cells of isolate MH96 T towards several insect species, including C. zealandica, the diamondback moth Plutella xylostella, the small white butterfly Pieris rapae, the locust Locusta migratoria and others, identified 100 % mortality within 2-5 days of ingestion; the negative control was an uninoculated food source that caused no mortality (Table 2) . Some insects, the Argentine stem weevil (Listronotus bonariensis), the black field cricket (Teleogryllus commodus) and the American cockroach (Periplaneta americana), were unaffected (Table 2 ). Attempts to reisolate a similar strain from either soil or diseased insects have been unsuccessful.
Description of Yersinia entomophaga sp. nov.
Yersinia entomophaga [en.to.mo.pha9ga. Gr. part. adj. entomon cut up, segmented (animal) (used to refer to an insect); N.L. fem. n. phaga from Gr. n. phagos (voracious) eater; N.L. fem. n. entomophaga insect eater].
Gram-negative cells are motile, non-spore-forming rods (approx. 1.7 mm long). Good growth occurs on LB agar at 25-42 u C. Two growth-phase-dependent colony forms are present, one convex with undulate margins that changes to convex circular over a 48 h period. Cell morphology is diverse, with two typical cell forms present. Standard rods are 0.7 mm wide and 1.7 mm long, whereas larger, elongated cells, 1 mm wide and ranging from 20 to 60 mm long, are also observed in LB broth at 30 u C ( Supplementary Fig. S1b, c) . Cells are negative for lysine decarboxylase, oxidase and acid production from aesculin and salicin and positive for acid production from citrate, sucrose and raffinose. The DNA G+C content of the type strain is 49.3 mol%. Fig. 1 . Phylogenetic tree obtained with 16S rRNA gene sequences (1405 nt) using the neighbour-joining method (Saitou & Nei, 1987) . The significance of each branch is indicated by a bootstrap percentage calculated for 1000 subsets. The tree was rooted with the outgroup sequence of E. coli ATCC 11775 T . Bar, 0.005 substitutions per site.
Yersinia entomophaga sp. nov., an insect pathogen
The type strain, MH96 T (5DSM 22339 T 5ATCC BAA-1678 T ), was isolated from diseased Costelytra zealandica grass grub larvae from New Zealand soil. 
